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Abstract 
With the purpose of reducing CO2 emission and yielding high quality direct reduction iron (DRI) product in COREX 
process, a two-dimensional mathematical model was established based on mass, momentum, energy and chemical 
species transportation for gas and solid phases at steady state. The reducing gas composition in CO-H2 mixture with 
the temperature ranging from 1123K to 1273K was simulated to determine the optimal reducing gas composition. 
The increasing reducing gas temperature promotes the DRI product metallization irrespective of the reducing gas 
composition. When the reducing gas temperature is below 1173K, pure CO is the optimal reducing gas composition, 
while as the reducing gas temperature increases further to 1223K and 1273K, the mole fractions of H2 in the optimal 
reducing gas composition increase to about 4% and 8% respectively. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [CEIS 2011] 
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1. Introduction 
Nowadays, with the continuous increase of steel production, ironmaking industry has become one of 
the most serious CO2 emission industries. For the increasing environmental protection requirement, 
especially against global warming, the reduction of CO2 emission is urgently required [1]. Increasing the 
proportion of H2 in the mixture reducing gas could be a valuable way to solve such problems considering 
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its non-pollution reduction product, and has been successfully applied to some innovative ironmaking 
process, such as COREX and Midrex process [2-3]. Although H2 enriched reducing gas has the potential 
to reduce CO2 emission, the effects of H2 on the reduction efficiency which ultimately determine the DRI 
quality of the shaft furnace is suspect. Numerous investigations have been made for the reductions of iron 
oxides by CO-H2 mixture [4-5]. The main conclusions obtained were that the presence of H2 in reducing 
gas increased the reducing ability of CO. On the contrary, addition of small amount of CO to H2 retarded 
its rate of reduction [6-7]. But most of the previous works have been concerned with theoretical analysis 
and laboratory scale experiments under constant temperature condition, with no consideration of the 
exothermic and endothermic effect of the reduction by CO and H2. Considering above problems, high H2
containing reducing gas may not be benefit for DRI quality in actual production, though it can reduce CO2
emission. Therefore, it is of great importance to investigate the reduction characteristics in actual shaft 
furnace to determine the optimal reducing gas parameter in order to cut down CO2 emission and yield 
high quality DRI product simultaneously. Based on two dimensional mathematical model in actual size of 
COREX pre-reduction shaft furnace, the thermal effects and iron oxides reductions vary with reducing gas 
temperature and composition were investigated in present research. The effects of H2 in reducing gas were 
also evaluated to optimize the reducing gas parameter in COREX pre-reduction shaft furnace. 
Nomenclature 
nR  chemical reaction rate of reaction n (kmol·m
-3·s-1)
sα  volume fraction of the solid phase in pre-reduction shaft furnace (-) 
sf   volume fraction of species i in solid phase (-) 
sϕ  shape factor of solid particles (-) 
sd  diameter of solid particles (m) 
gρ  gas density (kg·m-3)
nK  chemical equilibrium constant of reaction n (-) 
nk  chemical reaction rate constant of reaction n (m·s
-1)
qiw ,  mass fraction of species i in phase q (-) 
iM  mole mass of species i (g·mol
-1)
iP  pressure of species i in gas phase (pa) 
2. Mathematical model 
Present two-dimensional mathematical model of COREX pre-reduction shaft furnace was established 
based on mass, momentum, energy and chemical species transportation for two phases, the reducing gas 
phase and the iron ore solid phase respectively, at steady state. The gas phase consists of CO, CO2, H2 and 
water vapour (H2O), while the solid phase consists of Fe2O3, Fe3O4, FeO and Fe. The three-interface 
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unreacted core model and water gas shift reaction are applied to describe the reaction rate and mass 
transfer in this model [8-9]. The chemical reactions and reaction rate considered in this model are listed in 
Table 1 [10]. More details have been described in previous work [11]. 
In present research, the reduction behaviours of iron oxides inside the COREX pre-reduction shaft 
furnace with the reducing gas of CO-H2 mixture were simulated. The reducing gas temperature ranges 
investigated in this model are from 1123K to 1273K, and at each temperature level, the mole fraction of 
H2 increases from 0 to 20%, while that of CO decreases from 100% to 80% by 5%, accordingly. Higher 
reducing gas temperature was not considered in this work due to the stick phenomena of DRI. The DRI 
metallization of pre-reduction shaft furnace was applied to evaluate the optimal reducing gas composition. 
Table 1. Chemical reactions and reaction rate 
n Formula Reaction rate (kmol·m-3·s-1)
1 3Fe2O3+CO=2Fe3O4+CO2
)]([)6(
2
2 ,,
3
1
,
CO
gCO
CO
gCO
n
m
mn
g
ss
ss
n M
w
M
w
Ka
Wd
fR −
⋅
⋅
= ∑
=
ρ
ϕ
α
2 Fe3O4+CO=3FeO+CO2
3 FeO+CO=Fe+CO2
4 3Fe2O3+H2=2Fe3O4+H2O
)]([)6(
2
2
2
2 ,,
6
4
,
OH
gOH
H
gH
n
m
mn
g
ss
ss
n M
w
M
w
Ka
Wd
fR −
⋅
⋅
= ∑
=
ρ
ϕ
α
5 Fe3O4+H2=3FeO+H2O
6 FeO+H2=Fe+H2O
7 CO+H2O=CO2+H2 )()101325(
1000
22
22
n
HCO
HCOnsn K
PP
PPkR
⋅
−⋅⋅⋅= α
3. Results and discussions 
Combined with the related calculation, the results concluded from the simulations are summarized in 
Fig.1.(a) and (b). Fig.1.(a) shows the effects of reducing gas temperature on DRI metallization of COREX 
pre-reduction shaft furnace under the conditions of different reducing gas compositions. No matter what 
the reducing gas composition is, the increasing reducing gas temperature always promotes the DRI 
metallization. For the reductions of iron oxides by pure CO (H2/CO=0:100), the gas diffusion coefficient 
and reaction rate constant increase with the increasing reducing gas temperature, which is benefit for the 
reduction according to reaction kinetics. But in terms of thermodynamics, the reductions of Fe2O3->Fe3O4
and FeO->Fe are exothermic reactions, and high temperature would restrain the reduction. In the 
temperature ranges investigated, the effects of temperature on the reaction kinetics play leading role, 
hence, the DRI metallization increases as the increasing reducing gas temperature. For the reductions of 
iron oxides by CO-H2 mixtures, most reactions occur are endothermic reactions, especially for the 
reductions of Fe3O4->FeO and FeO->Fe by H2. So, high temperature is benefit for the reduction by CO-
H2 mixture reducing gas, in terms of both thermodynamics and kinetics. From the analysis above, high 
temperature can promote the reduction in COREX pre-reduction shaft furnace, and the higher reducing 
gas temperature is, the higher quality DRI can be obtained, irrespective of pure CO or CO-H2 mixture. 
Fig.1.(b) shows the effects of reducing gas composition on the DRI metallization of COREX pre-
reduction shaft furnace in different reducing gas temperature ranges. The variation of the DRI 
metallization with reducing gas composition in different temperature ranges can be divided into two 
groups. When the reducing gas temperature is below 1173K, the DRI metallization gradually decreases as 
the mole fraction of H2 in reducing gas increases from 0 to 20%. It indicates that mixing CO with H2 has 
no benefit but would restrain the reduction process in relatively low temperature, hence pure CO is the 
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optimal reducing gas composition. When the reducing gas temperature is higher than 1173K, the DRI 
metallization increases first and then decreases as the mole fraction of H2 in reducing gas increases, and 
the mole fractions of H2 in the optimal reducing gas composition increase to about 4% and 8% 
respectively. Therefore, when the reducing gas temperature is higher than 1173K, mixing CO with certain 
H2 in reducing gas could increase the DRI metallization, and the higher reducing gas temperature is, the 
higher proportion of H2 in optimal reducing gas is. 
Fig. 1. (a) Effect of reducing gas temperature on DRI metallization; (b) Effect of reducing gas composition on DRI metallization
From the above results, it could be found that in order to increase the concentration of H2 in the 
reducing gas aiming to cut down CO2 emission and simultaneously yield high quality DRI of COREX 
pre-reduction shaft furnace, the reducing gas temperature should be controlled above 1173K, and the 
higher reducing gas temperature is, the higher H2 proportion in optimal reducing gas composition is. In 
actual production, the normal reducing gas temperature of COREX pre-reduction shaft furnace is 1123K, 
so pure CO is the optimal reducing gas for obtaining the highest quality DRI. However, the mole fraction 
of H2 in reducing gas is about 20% in practical production, which would reduce the DRI metallization. 
There are some ways to solve this problem so as to promote the DRI product in COREX pre-reduction 
shaft furnace. First, keep the original reducing gas temperature of 1123K unchanged, while change the 
reducing gas to pure CO. The DRI metallization can be increased by 15.4%. But there would be no 
benefit for cutting down the CO2 emission, which would go against the design of COREX process. 
Another way is keeping the original reducing gas composition unchanged, while increasing the reducing 
gas temperature to about 1423K. But this would bring many other problems into the pre-reduction shaft 
furnace such as the formation of sticky iron. So, the best way is increasing the reducing gas temperature 
and decreasing the mole fraction of H2 in reducing gas appropriately at the same time. For example, when 
the reducing gas temperature is 1273K, and the mole fraction of H2 in reducing gas is about 8%, the DRI 
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metallization could be increased by 37.5%. This can greatly increase the DRI metallization and cut down 
the CO2 emission to some extent at the same time. 
4. Conclusions 
A two-dimensional mathematical model considering mass, momentum, energy and chemical species 
transportation for two phases at steady state was established to optimize the reducing gas composition in 
the pre-reduction shaft furnace of COREX smelting reduction process. The most important specific 
conclusions from this study are summarized as follows: 
The increasing reducing gas temperature always promotes the DRI product metallization irrespective 
of the reducing gas composition. When the reducing gas temperature is blow 1173K, the DRI 
metallization gradually decreases as the mole fraction of H2 in reducing gas increases, thus pure CO is the 
optimal reducing gas composition. When the reducing gas temperature increases further to 1223K and 
1273K, the mole fractions of H2 in the optimal reducing gas composition increase to about 4% and 8% 
respectively. Compared with current operation condition, the best way to promote the DRI quality of 
COREX pre-reduction shaft furnace is increasing the reducing gas temperature and simultaneously 
decreasing the mole fraction of H2 in reducing gas appropriately. 
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